␤-N-Acetylhexosaminidases have attracted interest particularly for oligosaccharide synthesis, but their use remains limited by the rarity of enzyme sources, low efficiency, and relaxed regioselectivity of transglycosylation. In this work, genes of 13 ␤-Nacetylhexosaminidases, including 5 from Bacteroides fragilis ATCC 25285, 5 from Clostridium perfringens ATCC 13124, and 3 from Bifidobacterium bifidum JCM 1254, were cloned and heterogeneously expressed in Escherichia coli. The resulting recombinant enzymes were purified and screened for transglycosylation activity. A ␤-N-acetylhexosaminidase named BbhI, which belongs to glycoside hydrolase family 20 and was obtained from B. bifidum JCM 1254, possesses the bifunctional property of efficiently transferring both GalNAc and GlcNAc residues through ␤1-3 linkage to the Gal residue of lactose. The effects of initial substrate concentration, pH, temperature, and reaction time on transglycosylation activities of BbhI were studied in detail. With the use of 10 mM pNP-␤-GalNAc or 20 mM pNP-␤-GlcNAc as the donor and 400 mM lactose as the acceptor in phosphate buffer (pH 5.8), BbhI synthesized GalNAc␤1-3Gal␤1-4Glc and GlcNAc␤1-3Gal␤1-4Glc at maximal yields of 55.4% at 45°C and 4 h and 44.9% at 55°C and 1.5 h, respectively. The model docking of BbhI with lactose showed the possible molecular basis of strict regioselectivity of ␤1-3 linkage in ␤-N-acetylhexosaminyl lactose synthesis.
O
ligosaccharides are widely distributed in nature and play a crucial role in many biological events, such as cell structure modulation, cell-cell recognition and communication, and cellmicrobe/toxin interaction and adhesion; therefore, they are promising and important potential therapeutic agents (1) (2) (3) . However, their use is limited because of the difficulty of large-scale production of oligosaccharides. Their chemical synthesis requires multiple protecting group manipulations to control the regio-and stereospecificity of glycosidic bonds, which hinders the efficient production of oligosaccharides. Enzymatic synthesis can produce oligosaccharides in one step by using two major classes of enzyme, namely, glycosyltransferases (EC 2.4) and glycosidases (EC 3.2.1). Glycosyltransferases, the natural enzymes for specific synthesis of oligosaccharides and polysaccharides, require expensive nucleoside sugars as glycosyl donors and generally exhibit strict acceptor specificity. In contrast, glycosidases, which are enzymes that normally hydrolyze carbohydrates, can use lowcost, simple glycosides as glycosyl donors and show a broad acceptor specificity for glycosylation or transglycosylation reactions in vitro; thus, the use of glycosidases is a more effective practical approach for large-scale synthesis of oligosaccharides (4, 5) .
␤-N-Acetylhexosaminidases (EC 3.2.1.52) are an important class of glycosidases that catalyze hydrolysis of terminal
N-acetyl-␤-D-hexosamine (HexNAc), N-acetyl-␤-D-galactosamine (GalNAc), or N-acetyl-␤-D-glucosamine (GlcNAc)
from various oligosaccharides and glycoconjugates. These enzymes are widely distributed in microorganisms, plants, and animals, and they play crucial roles in nature (6) . For instance, they can cleave a GalNAc residue from GM2 gangliosidose, and their deficiency will cause lysosomal storage diseases (7, 8) . They are also involved in bacterial cell wall recycling, fungal cell wall chitin lysis, and the insect life cycle (9) (10) (11) . Multiple ␤-N-acetylhexosaminidases can be produced for utilization of chitin, intestinal mucosal glycans, and milk oligosaccharides by some intestinal bacteria, such as Bacteroides fragilis, Clostridium perfringens, and Bifidobacterium bifidum (12) (13) (14) .
Based on amino acid homology, ␤-N-acetylhexosaminidases are classified into glycoside hydrolase (GH) families 3, 20, 84, and 123 (15) (16) (17) (18) (19) (20) (21) . Among them, GH3 enzymes generally employ a double-displacement mechanism, in which a pair of acidic residues serve as catalytic acid/base and nucleophile residues (15, 16) . In contrast, GH20, GH84, and GH123 enzymes employ the substrate-assisted mechanism in which the 2-acetamido group of the substrate acts as a nucleophile to form an oxazoline intermediate for catalysis (17) (18) (19) (20) (21) . A large number of bifunctional ␤-N-acetylhexosaminidases from the GH20 family show hydrolysis activity toward both GalNAc-and GlcNAc-containing substrates (17, 18) , whereas GH3, GH84, and GH123 enzymes specifically hydrolyze GalNAc-or GlcNAc-containing substrates (15, 16, (19) (20) (21) .
␤-N-Acetylhexosaminidases have recently attracted increasing interest owing to their ability to catalyze glycosyl transfer to form ␤-N-acetyl-D-hexosaminide. ␤-N-Acetylhexosaminidases in the GH20 family have been successfully used to synthesize ␤-N-acetylhexosaminyl oligosaccharides, such as GlcNAc␤1-4GlcNAc␤1-4ManNAc, GalNAc␤1-4GlcNAc␣UDP, (GlcNAc␤1-4) 3 GlcNAc, and 6=-sulfodisaccharides (e.g., GlcNAc␤1-4Glc␣-OAll, GlcNAc␤1-3/1-6Gal␣-OAll, and GlcNAc␤1-4GlcNAc) (22) (23) (24) (25) . However, the available enzyme sources for synthesis remain limited. Most of the reported ␤-N-acetylhexosaminidases with transglycosylation ability are obtained from fungi, especially those belonging to the genera Aspergillus (22) (23) (24) (26) (27) (28) (29) , Penicillium (28, 30) , and Talaromyces (31, 32) , and only three are obtained from the bacteria Nocardia orientalis and Serratia marcescens YS-1 (33) (34) (35) . Moreover, most ␤-N-acetylhexosaminidases with transglycosylation ability display low glycosyl transfer efficiency at 1% to 10% yield, as well as poor regioselectivity, resulting in isomer production with multiple glycosyl linkages that are difficult to isolate (33, 35, 36) . Only two fungal ␤-N-acetylhexosaminidases can catalyze transfer of both GalNAc and GlcNAc residues for synthesis (24, 25) .
GalNAc-and GlcNAc-containing oligosaccharides are widely distributed in microorganisms, plants, and animals, and they play important biological roles. They are present in sugar structures of gangliosides, N-glycan, mucin-type O-glycan, blood group antigens, tumor-associated glycans, milk oligosaccharides, and chitin (12, 37, 38) . ␤-N-Acetylhexosaminyl lactose (HexNAc-Lac) is a class of important oligosaccharides. GalNAc␤1-3Lac shares oligosaccharide constituents with the blood group P-related glycan, which inhibits respiratory pathogens (39, 40) . GlcNAc␤1-3Lac is the sugar unit of many cancer-related carbohydrate antigens, such as KH-1 adenocarcinoma antigen, N3 antigens associated with gastrointestinal cancer, and primary acute myeloid leukemia antigen (41, 42) , which may serve as a potential biomarker and a target for therapy. In addition, GlcNAc␤1-3Lac is the backbone structure of one group of human milk oligosaccharides (HMOs) and thus can be elongated with sugar modifications to produce HMOs (43) that can be used as prebiotics (12) . However, access to these trisaccharides at large scale remains a challenge. Nevertheless, GlcNAc␤1-3Lac has been synthesized by ␤-N-acetylhexosaminidase at a low yield of less than 10% (33, 35, 36, 44) , whereas the synthesis of GalNAc␤1-3Lac by this enzyme has not yet been reported.
In this work, an efficient and regioselective ␤-N-acetylhexosaminidase, named BbhI, with transglycosylation ability and isolated from B. bifidum JCM 1254 was obtained by screening 13 enzymes. BbhI showed strict regioselectivity of transglycosylation at 3-OH of galactose residues in lactose, resulting in high yields of GalNAc␤1-3Lac and GlcNAc␤1-3Lac. This work is the first to demonstrate the synthesis of GalNAc␤1-3Lac by a glycosidase. The molecular basis of strict regioselectivity of ␤1-3 linkage in ␤-N-acetylhexosaminyl lactose synthesis was subsequently studied via sequence analysis and model docking of BbhI with lactose.
MATERIALS AND METHODS

Materials. p-Nitrophenyl
, and the other nitrophenyl glycosides were purchased from Sigma (St. Louis, MO, USA). High-performance liquid chromatography (HPLC)-grade acetonitrile was supplied by Honeywell Burdick & Jackson (Muskegon, MI, USA). Ni 2ϩ Sepharose high performance was obtained from GE Healthcare (Uppsala, Sweden). Bio-Gel P2 was purchased from Bio-Rad Laboratories (Hercules, CA, USA). Other chemicals used were of analytical grade. Restriction endonucleases were purchased from New England BioLabs. T4 DNA ligase was purchased from TaKaRa Corporation (Tokyo, Japan). FastPfu Fly DNA polymerase was obtained from Transgen (China).
Strains and media. B. bifidum JCM 1254 was grown anaerobically at 37°C in a medium containing 10 g of glucose, 5 g of peptone, 5 g of yeast extract, 4 g of K 2 HPO 4 , 5 g of sodium acetate, 0.2 g of MgSO 4 , 6.8 g of ascorbic acid, and 0.4 g of cysteine hydrochloride in 1,000 ml of water (pH 7.0). B. fragilis ATCC 25285 was grown anaerobically at 37°C in a medium containing 5 g of yeast extract, 20 g of peptone, 5 g of NaCl, 60 g of glucose, 5 mg of hemin, and 0.5 mg of vitamin K1 in 1,000 ml of water (pH 7.0). C. perfringens ATCC 13124 was grown anaerobically at 40°C in medium containing 5 g of yeast extract, 5 g of peptone, 5 g of sodium acetate, 0.2 g of MgSO 4 , 4 g of K 2 HPO 4 , 0.4 g of cysteine hydrochloride, and 6.8 g of ascorbic acid in 1,000 ml of water (pH 7.0). Anaerobic culture was performed in a Forma anaerobic system (Thermo) under a mixture of nitrogen-hydrogen-carbon dioxide at a 84.9:10:5.1 (vol/vol/vol) ratio.
Escherichia coli strains DH5␣ and BL21(DE3) were grown at 37°C in LB medium containing 5 g of yeast extract, 10 g of peptone, and 7 g of NaCl in 1,000 ml of water (pH 7.0). The medium for the E. coli cells containing pET-21b(ϩ) plasmid was supplemented with ampicillin (50 g/ml). The pET-21b(ϩ) plasmid (Novagen) was used to construct an expression vector with His tag.
Screening of ␤-N-acetylhexosaminidases for transglycosylation. Ten putative and three known ␤-N-acetylhexosaminidase genes deposited in the Carbohydrate-Active enZYmes database (http://www.cazy .org/) were obtained by PCR. Among them, seven genes encoding the truncated enzymes BF0669, BF1807, BF4033, CPF0184, CPF1487, BbhI, and BbhII without putative signal peptides and/or transmembrane regions (see Table S1 in the supplemental material) were amplified. The designed primers are listed in Table 1 . The primers for the genes of BF0669, BF0953, BF1807, BF1811, and BF4033 enzymes were designed based on the genome sequence of B. fragilis ATCC 25285 (GenBank accession no. CR626927.1); the primers for the genes of CPF1103, CPF1238, CPF0184, CPF1487, and CPF1473 enzymes were designed based on the genome sequence of C. perfringens ATCC 13124 (GenBank accession no. CP000246.1); the primers for the genes of BbhI, BbhII, and BbhIII en-zymes were designed based on the reported ␤-N-acetylhexosaminidase gene sequences of B. bifidum JCM 1254; the GenBank accession numbers for these gene sequences are AB504521.1, AB504522.1, and AB542715.1, respectively.
The genomic DNAs of B. fragilis ATCC 25285, C. perfringens ATCC 13124, and B. bifidum JCM 1254 were extracted and used as templates for PCR. The PCR conditions were the following: a hot start at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 55°C to 65°C for 30 s, 72°C for 1 kb/min, and a final step at 72°C for 10 min. The PCR products were purified, ligated into pET-21b vector, and transformed into E. coli BL21(DE3). The proper transformants were grown at 37°C in LB medium containing ampicillin (50 g/ml). The recombinant enzymes were induced by addition of isopropyl-1-thio-␤-D-galactoside when the cell density reached 0.6 to 0.8 at 600 nm. After continuous cultivation for 3 to 5 h, the cells were harvested and disrupted by ultrasonic treatment. The lysates were centrifuged, and the enzymes were purified from the suspension through Ni 2ϩ chelation chromatography. Transglycosylation activities of the purified recombinant enzymes were detected by incubating the enzymes with 20 mM pNP-␤-GalNAc or pNP-␤-GlcNAc as donor and 200 mM lactose as acceptor. The reactions were stopped by heating at 100°C for 10 min and detected by thin-layer chromatography (TLC). The recombinant ␤-N-acetylhexosaminidase obtained from B. bifidum JCM 1254, named BbhI, is the desired enzyme that displays excellent properties for transglycosylation.
Enzyme and protein assays. The activity of ␤-N-acetylhexosaminidase was measured by adding 20 l of 1.5 and 0.025 mg/ml enzyme solutions to 60 l of 2 mM pNP-␤-GalNAc and pNP-␤-GlcNAc, respectively. The reaction was performed at 37°C for 10 min and stopped by adding 120 l of 1 M Na 2 CO 3 solution. The amount of p-nitrophenol released was measured at 405 nm. One unit of enzyme activity is defined as the amount of enzyme that produced 1 mol p-nitrophenol per min under the assay conditions. Assays for the other nitrophenyl glycosides were performed under the same conditions. The protein content of the sample was measured by the Bradford assay protocol using bovine serum albumin (BSA) as a standard (45) .
Determination of the stereoselectivity of BbhI. BbhI (0.01 U/ml) was incubated with pNP-␤-GlcNAc (1 mM) dissolved in D 2 O at room temperature, followed by detection of the reaction mixture to record the 1 H nuclear magnetic resonance (NMR) spectra by using Agilent DD2-600 spectrometer at 600 MHz at 2, 10, 30, 60, 120, 180, and 240 min. Data were processed using VnmrJ 4.0 and MestReNova software.
Synthesis of HexNAc-Lac by BbhI. The reactions for the synthesis of HexNAc-Lac were performed by incubating BbhI with pNP-␤-HexNAc dissolved in dimethyl sulfoxide (DMSO) as the glycosyl donor and lactose as the acceptor. The enzyme was used at concentrations of 2 mg/ml (0.06 U/ml) for pNP-␤-GalNAc and 0.02 mg/ml (0.12 U/ml) for pNP-␤-GlcNAc. The effects of lactose concentration (50, 100, 200, 300, 400, and 500 mM) on HexNAc-Lac synthesis were measured using 25 mM glycosyl donor at pH 7.0 and 37°C for 7.5 h (pNP-␤-GalNAc) or 2.5 h (pNP-␤-GlcNAc). The effects of the concentration of glycosyl donor (5, 10, 15, 20, 25 , and 30 mM) were measured using 400 mM lactose at pH 7.0 and 37°C for 7.5 h (pNP-␤-GalNAc) or 2.5 h (pNP-␤-GlcNAc). The effects of pH were examined at 19 different pH values (acetate buffer at 3.6, 4.0, 4.6, 5.0, 5.4, and 5.8; phosphate buffer at 5.8, 6.0, 6.5, 7.0, 7.5, and 8.0; Tris-HCl buffer at 8.0, 8.5, and 9.0; glycine buffer at 9.0, 9.5, 10.0, and 10.7; Na 2 HPO 4 -NaOH buffer at 10.7, 11.0, 11.5, and 12.0) at 37°C by using 400 mM lactose in the presence of 10 mM pNP-␤-GalNAc for 7.5 h or 20 mM pNP-␤-GlcNAc for 2.5 h. The effects of temperature and reaction time were investigated using 400 mM lactose and 10 mM pNP-␤-GalNAc or 20 mM pNP-␤-GlcNAc at pH 5.8 at six different temperatures (35°C, 40°C, 45°C, 50°C, 55°C, and 60°C), followed by interval sampling within 14 h. All reactions were stopped by heating at 100°C for 10 min, and the remaining donor and resulting products were detected by HPLC. The yield of the product was defined as the ratio of the concentration of the synthesized glycoside product (millimolar) to the initial concentration of donor (millimolar). The ratio of the transglycosylation and hydrolysis activity (R T/H ) was calculated by dividing the concentration (millimolar) of the synthesized product by the concentration (millimolar) of the hydrolyzed donor. Isolation of HexNAc-Lac synthesized by BbhI. The reaction mixture was separated by a Bio-Gel P2 (Bio-Rad, CA, USA) column (1.5 by 100 cm) with distilled water as an eluent. The eluted fractions were collected and subjected to sugar determination by TLC. The corresponding eluents were pooled and lyophilized to dry powder.
HPLC and TLC analyses. HPLC was performed by an Agilent 1200 series equipped with an Acchrom XAmide analysis column (4.6 by 250 mm) at 30°C. Samples were eluted with 72% (vol/vol) acetonitrile at a flow rate of 1.0 ml/min and detected through a UV detector (G1314B) at 210 nm. TLC was performed by loading samples on silica gel 60 F254 plates (Merck, Germany). The developing solvent was a mixture of nbutanol-ethanol-water (5:3:2, vol/vol/vol). Sugars on the TLC plate were detected by spraying with diphenylamine-aniline-phosphoric acid reagent and heating at 86°C for 10 min.
MS and NMR analyses. Mass spectra were recorded on a Shimadzu liquid chromatography-mass spectrometry ion trap time of flight (LCMS-IT-TOF) instrument (Kyoto, Japan) equipped with an electrospray ionization (ESI) source in positive/negative ion mode at a resolution of 10,000 full width at half-maximum. 1 H and 13 C NMR spectra were recorded on an Agilent DD2-600 spectrometer at room temperature at 600 MHz for 1 H and at 150 MHz for 13 C. Chemical shifts were expressed in parts per million (ppm) downfield from the internal tetramethylsilane of D 2 O. Chemical shifts and coupling constants were calculated from a firstorder analysis of the spectra. Assignments were fully supported by homo-and heteronuclear correlation two-dimensional (2D) techniques, including correlation spectroscopy (COSY), heteronuclear single quantum coherence (HSQC), and heteronuclear multiple band correlation (HMBC) experiments, by following standard Agilent pulse programs.
Molecular modeling and docking. Homology modeling of BbhI was performed using PHYRE2, and the structure of BbLNBase obtained from B. bifidum JCM 1254 (PDB entry 4H04) served as the template. BbhI shares 33% sequence identities with the model BbLNBase. The 3D structures of protein and lactose were first prepared using SYBYL-X 1.1. The lactose was subsequently docked into the active sites of BbhI using Genetic Optimization of Ligand Docking (GOLD) 3.0.1 under standard settings. The top-ranked model from the GOLD analysis was apparently catalytically plausible. The docking results were visualized with PyMol 1.3.
RESULTS
Screening of ␤-N-acetylhexosaminidases for transglycosylation. Genes of 13 ␤-N-acetylhexosaminidases belonging to GH20, GH84, and GH123 were cloned from B. fragilis ATCC 25285, C. perfringens ATCC 13124, and B. bifidum JCM 1254 and then successfully expressed in E. coli. The recombinant enzymes were purified (see Fig. S1 in the supplemental material) and incubated with pNP-␤-HexNAc as a glycosyl donor and lactose as an acceptor to detect transglycosylation activity. The results showed that 11 enzymes exhibited transglycosylation activities, but not BF1807, obtained from B. fragilis ATCC 25285, and CPF1103, obtained from C. perfringens ATCC 13124 (Table 2) . Five GH20 enzymes, namely, BF0669, BF1811, CPF1238, BbhI, and BbhII, transferred both GalNAc and GlcNAc residues to lactose, whereas two GH20 enzymes (BF0953 and BbhIII), two GH84 enzymes (CPF0184 and CPF1487), and two GH123 enzymes (BF4033 and CPF1473) only transferred one kind of residue from pNP-␤-HexNAc (see Fig.  S1 ). Interestingly, BbhI from B. bifidum JCM 1254, an enzyme in the GH20 family, exhibited strict regioselectivity toward lactose without isomer production from both glycosyl donors. BbhI also exhibited the highest transglycosylation activity regardless of the kind of glycosyl donor. Hence, this enzyme was chosen for further studies. Figure S1 shows that the recombinant BbhI reached an electrophoresis purity at a subunit molecular mass of ϳ170 kDa, consistent with the molecular mass (170.1 kDa) deduced from its nucleotide sequence. The specific activities for pNP-␤-GalNAc and pNP-␤-GlcNAc were 0.03 and 6 U/mg, respectively. BbhI was highly active at pH 5.0 to 6.0 and stable at pH 4.0 to 11.0. The enzyme showed an optimal temperature at approximately 45°C to 55°C, and it was stable below 55°C (see Fig. S2 in the supplemental material). With respect to substrate specificity for hydrolysis, BbhI was active when pNP-␤-GalNAc or pNP-␤-GlcNAc was used. The result showed that no activity existed toward the other substrates with ␣-linkages or without GalNAc or GlcNAc in the glycon moi-
eties, including pNP-␣-or ␤-D-galactopyranoside, pNP-␣-or ␤-D-glucopyranoside, pNP-␣-L-fucopyranoside, pNP-␤-D-fucopyranoside, pNP-␣-or ␤-D-mannopyranoside, pNP-2-acetylamino-2-deoxy-␣-D-galactopyranoside, and pNP-2-acetylamino-2-deoxy-␣-D-glucopyranoside.
Determination of the stereoselectivity of BbhI. The enzyme BbhI was incubated with pNP-␤-GlcNAc, and variation in anomeric configurations of the released GlcNAc was detected by realtime recording of 1 H NMR spectra of the reaction mixture. As shown in Fig. 1 , the signal peaks at 5.15, 5.02, and 4.53 ppm represented the anomeric proton signals of pNP-␤-GlcNAc, ␣-GlcNAc, and ␤-GlcNAc, respectively. The initial hydrolysis product obtained within 30 min was obviously ␤-GlcNAc, confirming the ␤-stereoselective property of the enzyme. When the reaction time was prolonged, ␤-GlcNAc underwent mutarotation to yield ␣-GlcNAc, and the conversion finally reached equilibrium after 4 h. These results clearly indicated that BbhI operated via a retaining mechanism commonly employed in classical GH20 enzymes.
HexNAc-Lac synthesis by BbhI. Transglycosylation reactions were performed by incubating BbhI with pNP-␤-HexNAc and lactose under various conditions. Figure 2A and C shows the effects of acceptor concentration on product yields. When either pNP-␤-GalNAc or pNP-␤-GlcNAc was used as the glycosyl donor and the lactose concentrations were increased from 50 mM to 400 mM, the product yields increased and then tended to stabilize. The maximum product yields at 38.1% and 28.8% for pNP-␤-GalNAc and pNP-␤-GlcNAc, respectively, were obtained at 400 mM acceptor. Thus, subsequent reactions were performed at 400 mM lactose. Figure 2B and D shows the effects of donor concentration on product yields. When pNP-␤-GalNAc was used as the donor, the yield was slightly enhanced when the donor concentration was increased from 5 mM to 10 mM. The product yield was 43.9% at 5 mM donor and reached a maximum yield of 45% at 10 mM donor. Continuous increase in donor concentration from 10 mM to 30 mM reduced product yields. When the concentration of pNP-␤-GlcNAc as donor increased from 5 mM to 20 mM, the product yields were remarkably improved. The maximum yield of 37.3% was obtained at 20 mM donor, and then the product yields decreased. Thus, subsequent reactions were performed using 10 mM pNP-␤-GalNAc or 20 mM pNP-␤-GlcNAc as the glycosyl donor.
The pH value also strongly affected product formation (Fig. 3) . When pNP-␤-GalNAc was used as donor, the product yields were greater than 40% over the pH range of 4.6 to 10.0, and the maximum yield of 51.3% was obtained at pH 5.8. As for reaction mixtures using pNP-␤-GlcNAc as the donor, the pattern of pH effects was similar to that in pNP-␤-GalNAc, and the product yields also reached a maximum of 38.3% at pH 5.8.
The effects of temperature and reaction time were studied by measuring time curves at different temperatures. As shown in Fig.  4A , the reaction temperature markedly affected GalNAc-Lac formation. As the temperature increased from 35°C to 50°C, the time required for product yields to peak decreased. However, when the temperature was increased to 55°C and 60°C, the peak values appeared slowly. The maximal product yield reached 55.4% at 45°C and 4 h. In contrast, GlcNAc-Lac formed considerably faster. Figure 4B shows that the increase in temperature from 35°C to 55°C noticeably accelerated the reaction, making the peak values of the product appear quickly. The maximal product yield reached 44.9% at 55°C and 1.5 h. For all temperatures tested, the products accumulated first and then gradually decreased as a result of hydrolysis.
Based on the comprehensive results of the above-described examination, the optimal conditions for GalNAc-Lac synthesis include an initial concentration of 10 mM pNP-␤-GalNAc and 400 mM lactose in phosphate buffer at pH 5.8 and an incubation at 45°C for 4 h. The optimal conditions for GlcNAc-Lac synthesis were the following: an initial concentration of 20 mM pNP-␤-GlcNAc and 400 mM lactose in phosphate buffer, pH 5.8, and an incubation at 55°C for 1.5 h. Under optimal conditions, 5.54 mM GalNAc-Lac and 8.98 mM GlcNAc-Lac were synthesized and 3.62 mM pNP-␤-GalNAc and 6.14 mM pNP-␤-GlcNAc were hydrolyzed, demonstrating that the R T/H were 1.53 for GalNAc-Lac and 1.46 for GlcNAc-Lac.
Isolation and identification of HexNAc-Lac. The synthesis reactions were performed under optimal conditions. The resulting products were purified using Bio-Gel P2 column chromatography and analyzed by MS and NMR spectroscopy (see Fig. S3 to S14 in the supplemental material). From 10 ml of reaction mixture, 49 mg of GlcNAc-Lac and 30 mg of GalNAc-Lac were obtained.
The positive-ion ESI mass spectrum of GalNAc-Lac showed a peak of [M ϩ H] ϩ ion at m/z 546.2, consistent with the molecular mass of GalNAc-Lac (545). The complete structural characterization was retrieved from the results of 2D NMR involving COSY, HSQC, and HMBC spectra, all of which were used to assign the chemical shifts and configurations of the sugar residues present in GalNAc-Lac (Table 3 ). The proton signal of the double peak at ␦ 4.45 ppm in the 1 H NMR spectrum and the carbon signal at ␦ 103.2 ppm in the 13 C spectrum were deduced to be H-1 and C-1 of the GalNAc residue, which was further confirmed by their correlation signals in the HSQC spectrum. The anomeric proton and carbon signals of the Gal residue were detected at ␦ 4.27 ppm in the 1 H NMR spectrum and ␦ 102.8 ppm in the 13 C spectrum. The protons at ␦ 4.50 and 5.05 ppm, coupled with the carbon at ␦ 95.6 and 91.7 ppm in the HSQC spectrum, respectively, were eventually identified as H-1 signals from the Glc residue as ␤ and ␣ configurations (␣:␤ ϭ 35:65). Cross peaks were found between C-1 (␦ 103.2 ppm) of the GalNAc residue and H-3 (␦ 3.55 ppm) of the Gal residue in the HMBC spectrum. This result, together with the coupling constant of H-1 of GalNAc (J ϭ 8.58 Hz), confirmed the ␤1-3 linkage between GalNAc and Gal residues. Similarly, overlapped signals were found between C-1 (␦ 102.8 ppm) of the Gal residue and H-4 (␦ 3.45 ppm) of the Glc residue in the HMBC spectrum. This finding, together with the coupling constant of H-1 of Gal (J ϭ 7.98 Hz), revealed the ␤1-4 linkage between Gal and Glc residues. All of these results demonstrated that the chemical structure of GalNAc-Lac was GalNAc␤1-3Gal␤1-4Glc.
The positive-ion ESI mass spectrum of GlcNAc-Lac showed a peak of [M ϩ H] ϩ ion at m/z 546.2, consistent with the molecular mass of GlcNAc-Lac (545). Anomeric proton signals of GlcNAc and Gal residues appeared at ␦ 4.48 and 4.24 ppm in the 1 H NMR spectrum. They were coupled with anomeric carbon signals overlapped at ␦ 102.8 ppm in the HSQC spectrum. The protons at ␦ 4.46 and 5.02 ppm correlated with the carbon at ␦ 95.6 and 91.7 ppm, respectively, in the HSQC spectrum and were eventually identified as H-1 signals from the Glc residue as ␤ and ␣ configurations (␣:␤ ϭ 35:65). The ␤1-3 linkage between GlcNAc and Gal residues was determined by the existence of cross peaks between C-1 (␦ 102.8 ppm) of the GlcNAc residue and H-3 (␦ 3.56 ppm) of the Gal residue in the HMBC spectrum, together with a large coupling constant of H-1 of GlcNAc (J ϭ 8.87 Hz). The ␤1-4 linkage of Gal and Glc residues was confirmed based on the overlapped signals between C-1 (␦ 102.8 ppm) of the Gal residue and H-4 (␦ 3.48 ppm) of the Glc residue in the HMBC spectrum, together with the coupling constant of H-1 of Gal (J ϭ 7.8 Hz). Thus, the GlcNAc-Lac structure was completely characterized as GlcNAc␤1-3Gal␤1-4Glc.
Sequence analysis and homology modeling of BbhI. Glycosidases generally produce multiple isomers during transglycosylation. To probe the mechanism of strict regioselectivity of ␤1-3 linkage in ␤-N-acetylhexosaminyl lactose synthesis, we subjected BbhI to sequence alignment, molecular modeling, and docking analysis.
The results of multiple-sequence alignments revealed that the key residues for enzyme activity were highly conserved among various ␤-N-acetylhexosaminidases (Fig. 5A) . GH20 enzymes contain a pair of highly conserved catalytic residues, namely, AspGlu; Glu acts as an acid/base residue, whereas Asp serves as a nucleophile assistant residue that assists the substrate 2-acetamido group to act as a nucleophile (15) . In the case of BbhI, the residues Asp714 and Glu715 were predicted as nucleophile assistant and catalytic acid/base amino acids, whereas the residues His647, Trp743, Trp769, and Trp850 can be considered essential for enzyme activity based on comparison with the corresponding residues of other reported ␤-N-acetylhexosaminidases (18, 46) . The putative 3D model of BbhI suggests that these predicted residues are responsible for enzyme activity (Fig. 5B to E) . Clearly, BbhI shared the common characteristic of all known structures of GH20 enzymes, that is, the (␤/␣) 8 -barrel architecture of the catalytic domain (see Fig. S15 in the supplemental material) . The predicted catalytic Asp714 and Glu715, located at the catalytic cavity, as well as four aromatic residues (His647, Trp743, Trp769, and Trp850), apparently formed a hydrophobic pocket used to position lactose in the active site ( Fig. 5C and E) . The docking result (Fig. 5D ) further showed that Glu715 may form an H-bond with 3-OH of the Gal residue of lactose. Tyr795 and Asp852 may interact with 6-OHs of Gal and Glc residues, respectively, whereas Asp714 is likely to participate in H-bonding with 4-OH of Gal and 3-OH of Glc residues (Fig. 5D) .
DISCUSSION
Oligosaccharide synthesis has attracted attention worldwide either for theoretical studies of its functions in vivo or for its prac- synthesized by BbhI. The enzyme was used at concentrations of 2 mg/ml (0.06 U/ml) for pNP-␤-GalNAc and 0.02 mg/ml (0.12 U/ml) for pNP-␤-GlcNAc. Reactions were carried out at 37°C by incubating the enzyme with 400 mM lactose in the presence of 10 mM pNP-␤-GalNAc for 7.5 h (A) or 20 mM pNP-␤-GlcNAc for 2.5 h (B) in buffers from pH 3.6 to 12.0. Data points represent the means Ϯ SD from three replicates.
FIG 4
Effects of temperature and reaction time on the yields of GalNAc-Lac (A) and GlcNAc-Lac (B) synthesized by BbhI. The enzyme was used at concentrations of 2 mg/ml (0.06 U/ml) for pNP-␤-GalNAc and 0.02 mg/ml (0.12 U/ml) for pNP-␤-GlcNAc. Reactions were carried out at pH 5.8 by incubation of the enzyme with 400 mM lactose in the presence of 10 mM pNP-␤-GalNAc (A) or 20 mM pNP-␤-GlcNAc (B). Data points represent the means Ϯ SD from three replicates.
tical applications in food and medical industries (47) (48) (49) . ␤-NAcetylhexosaminidases have shown great potential in enzymatic synthesis of functional glycans. In this work, we describe a ␤-Nacetylhexosaminidase, BbhI, obtained from B. bifidum JCM 1254 that exhibits strong transglycosylation activity and strict regioselectivity for ␤-N-acetylhexosaminyl lactose synthesis. This enzyme is a powerful synthetic tool that can transfer both GalNAc and GlcNAc residues through ␤1-3 linkage to the Gal residue of lactose to obtain biologically important GalNAc␤1-3Lac and GlcNAc␤1-3Lac at relatively high yields.
In glycosidase-catalyzed synthesis, transglycosylation and hydrolysis by the enzyme both affect the yield of glycoside product. Excessive acceptor concentration can increase formation of glycoside product. Moreover, addition of organic solvents can increase the solubility of a substrate and reduce water activity, promoting transglycosylation over hydrolysis. Other conditions, such as reaction time, temperature, and pH, can also affect product yield (5) . In this work, the final concentration of 20% (vol/vol) DMSO was used for the synthesis reaction by BbhI. The effects of substrate concentration, pH, temperature, and reaction time on the yield of the transglycosylation product were studied, and the optimal conditions for the maximum yields of GalNAc-Lac and GlcNAc-Lac were obtained. The R T/H of BbhI was 1.53 for GalNAc-Lac or 1.46 for GlcNAc-Lac under optimal conditions, consistent with the reported range of glycosidase catalysis at 0.2 to 2.15 (50) (51) (52) . Site-directed mutation of a thermostable ␤-glucosidase obtained from Thermotoga neapolitana increased the transferase/hydrolase ratio by 7-fold (50) . Thus, the R T/H of BbhI can be improved in the future through molecular evolution.
Synthesis of GlcNAc␤1-3Gal␤1-4Glc and its derivatives by glycosidase has been reported, but the reaction yields are rather low (less than 10%). The ␤-N-acetylhexosaminidase from Aspergillus oryzae formed GlcNAc␤1-3Gal␤1-4Glc at 0.36% yield through reverse hydrolysis using GlcNAc and lactose at 45°C for 4 days (44) . The ␤-N-acetylhexosaminidase from N. orientalis transfers GlcNAc from GlcNAc 2 to methyl-␤-lactoside, pNP-␤-Lac, and pNP-␤-LacNAc to form GlcNAc␤1-3Gal␤1-4Glc-OMe, GlcNAc␤1-3Gal␤1-4Glc-␤-pNP, and GlcNAc␤1-3Gal␤1-4GlcNAc-␤-pNP at 3.4%, 1.9%, and 1.5% yields at 40°C for 20, 20, and 12 h, respectively (33, 35) . Two ␤-N-acetylhexosaminidases, namely, HEX1 and HEX2, transfer GlcNAc from GlcNAc 2 to lactose to form GlcNAc␤1-3Gal␤1-4Glc at 2% and 8% yields, respectively, at 25°C for 2 h (36). In this study, BbhI transferred GlcNAc from pNP-␤-GlcNAc to lactose to form GlcNAc␤1-3Gal␤1-4Glc at a yield of 44.9% at 55°C for 1.5 h. This enzymatic strategy showed higher product yield and shorter reaction time than those of the enzymatic methods discussed above, providing an efficient approach for enzymatic synthesis of GlcNAc␤1-3Gal␤1-4Glc.
To the best of our knowledge, GalNAc␤1-3Gal␤1-4Glc synthesis by glycosidase has not yet been reported. Only one ␤-1-3-Nacetylgalactosaminyltransferase (EC 2.4.1.79) from human plasma is available for the formation of GalNAc␤1-3Gal␤1-4Glc at 0.4 M yield by using 2.5 M UDP-GalNAc as donor and 125 M lactose as acceptor at 37°C for 3 days. This reaction required high-cost UDP-GalNAc (100 mg for $2,425; Sigma) as donor (53) . BbhI can synthesize GalNAc␤1-3Gal␤1-4Glc at a yield of 55.4% at 45°C for 4 h using pNP-␤-GalNAc (250 mg for $443; Sigma) as donor, which incurs a lower cost than using UDP-GalNAc. BbhI is the first glycosidase that can transfer GalNAc residue to Gal in lactose through the ␤1-3 linkage, providing a novel and efficient method to obtain GalNAc␤1-3Gal␤1-4Glc.
Two fungal ␤-N-acetylhexosaminidases can catalyze transfer of both GalNAc and GlcNAc residues for synthesis. With the use of pNP-␤-GalNAc and pNP-␤-GlcNAc as donors, the ␤-Nacetylhexosaminidase from Trichoderma harzianum can transfer both GalNAc and GlcNAc residues to UDP-GlcNAc to form GalNAc␤1-4GlcNAc␣UDP and GlcNAcGlcNAc␣UDP (regioselectivity not identified) at 22% and 1.9% yields at 30°C for 8 and 14 h, respectively (25) . In addition, when pNP-␤-GalNAc and pNP-␤-GlcNAc were used as donors, the ␤-N-acetylhexosaminidase from A. oryzae can transfer both GalNAc and GlcNAc residues to GlcNAc␤1-4ManNAc to form GalNAc␤1-4GlcNAc␤1-4Man-NAc and GlcNAc␤1-4GlcNAc␤1-4ManNAc at 41% and 36% yields at 37°C for 2 h and 50 min, respectively (24) . In this work, BbhI transferred both GalNAc and GlcNAc residues from pNP-␤-GalNAc and pNP-␤-GlcNAc to lactose to form GalNAc␤1-3Gal␤1-4Glc and GlcNAc␤1-3Gal␤1-4Glc with 55.4% and 44.9% yields at 45°C for 4 h and at 55°C for 1.5 h, respectively. We used 10 ml of reaction mixture and obtained 49 mg of GlcNAc-Lac and 30 mg of GalNAc-Lac. Given that the preparation of the enzyme is easy and simple, this synthetic approach can be used for commercial applications given the availability of large quantities of donor substrates.
The stereoselectivity of glycosidases in transglycosylation are strict for either ␣ or ␤ configurations in the anomeric center, whereas their regioselectivity is relatively flexible, usually leading to regioisomers that are difficult to purify. The regioselectivity of glycosidases mainly depends on two main factors: the sources of the enzymes and the kinds of substrates (5, 54, 55) . The ␤-Nacetylhexosaminidase from A. oryzae synthesizes GlcNAc␤1-3/1-6Gal␤1-4Glc via reverse hydrolysis by using GlcNAc and lactose (44) . Two ␤-N-acetylhexosaminidases from the soil-derived metagenomic library form GlcNAc␤1-3Gal␤1-4Glc and GlcNAc␤1-4Gal␤1-4Glc using GlcNAc 2 as donor and lactose as acceptor (36) . The ␤-N-acetylhexosaminidase from N. orientalis transfers GlcNAc from GlcNAc 2 to methyl-␤-lactoside to form GlcNAc␤1-3/1-6Gal␤1-4Glc-OMe and Gal␤1-4(GlcNAc␤1-6) Glc-OMe, as well as to pNP-␤-LacNAc to form GlcNAc␤1-3/1-6Gal␤1-4GlcNAc-␤-pNP and Gal␤1-4(GlcNAc␤1-6) GlcNAc-␤-pNP (33, 35) . This work found that BbhI exhibits strict regioselectivity of ␤1-3 linkage in transglycosylations toward lactose using pNP-␤-GalNAc and pNP-␤-GlcNAc as donors. The strict regioselectivity of BbhI for transglycosylation was speculated to be related to the characteristic 3D structures of the enzyme.
The strict regioselective synthesis by BbhI can possibly be explained by the results of multiple-sequence alignments and by the docking model. In the catalytic cavity of BbhI, the equatorial 3-OH of Gal in lactose appeared within the H-bonding distance from Glu715, indicating that this 3-OH group can be activated by Glu715 and is positioned appropriately for the subsequent nucleophilic attack on the anomeric carbon of HexNAc to achieve the regioselectivity of ␤1-3 linkage between HexNAc and Gal in lactose. Additionally, Asp714 is located within H-bond distances of the 4-OH of Gal and 3-OH of Glc, and two H-bonds (Tyr795 to Catalytic residues are shown in pink, while other residues that also form an H-bond with lactose are shown in yellow. The interactions between residues and lactose are indicated by blue dotted lines. (E) BbhI-lactose interaction. Aromatic residues (yellow) formed a hydrophobic pocket around lactose (green).
6-OH of Gal and Asp852 to 6-OH of Glc) seemed to exist, probably causing the 3-OH of Gal residue in lactose rather than other hydroxyls to be oriented toward the anomeric carbon of HexNAc. Moreover, lactose nestled in a hydrophobic pocket was formed by four aromatic residues (His647, Trp743, Trp769, and Trp850) and stabilized by -stacking interaction with His647; these phenomena could account for the regioselectivity of ␤1-3 linkage in ␤-N-acetylhexosaminyl lactose synthesis.
